ABSTRACT: There are three isoforms of class V myosin in mammals. While myosin Va has been studied well, little is known about the function of other myosin V isoforms (Vb and Vc) at a molecular level. Here we report the mechanoenzymatic function of human myosin Vb (HuM5B) for the first time. Electron microscopic observation showed that HuM5B has a double-headed structure with a long neck like myosin Va. V max and K actin of the actin-activated ATPase activity of HuM5B were 9.7 ( 0.4 s -1 and 8.5 ( 0.1 µM, respectively. K actin and K ATP of the actin-activated ATPase activity were significantly higher than those of myosin Va. ADP markedly inhibited the ATPase activity. The rate of release of ADP from acto-HuM5B was 12.2 ( 0.5 s -1 , which was comparable to the V max of the actin-activated ATPase activity. These results suggest that ADP release is the rate-limiting step for the actin-activated ATPase cycle; thus, HuM5B is a high duty ratio myosin. Consistently, the actin gliding velocity (0.22 ( 0.03 µm/s) remained constant at a low motor density. The actin filament landing assay revealed that a single HuM5B molecule is sufficient to move the actin filament continuously, indicating that HuM5b is a processive motor.
Myosin is a mechanoenzymatic protein that interacts with actin and converts the chemical energy from ATP hydrolysis to the mechanical work. In addition to well-characterized conventional, filament-forming, two-headed myosin II of muscle and non-muscle cells, a number of myosin-like proteins have been discovered, and it is known that myosin constitutes a diverse superfamily divided into at least 18 classes (1-7). Class V myosins are one of the most ancient myosins of the superfamily, and their genes have been identified in species from yeast, Caenorhabditis elegans, and Drosophila to humans (7) . Dictyostelium MyoJ and plant class XI and VIII myosins are structurally and functionally related to class V myosins. Yeast contains two class V myosins, while C. elegans and Drosophila contain a single class V myosin. In mammals, there are three distinct subclasses of myosin V. Mammalian class V myosin was first discovered from dilute mice that have a lighter color coat due to the lack of proper pigment transport (8) . This myosin V is now classified as myosin Va, and most of the biochemical and cell biological works for class V myosin have been done with this myosin V isoform (see ref 9 for a review). There are two additional myosin V isoforms reported, i.e., myosin Vb and myosin Vc (10, 11) , yet their properties at a molecular level have not been studied.
The structure of myosin Va was visualized by electron microscopy, and it was shown that myosin Va is the twoheaded structure with the long neck connecting the head and the coiled-coil domain. On the basis of the amino acid sequence homology with myosin Va (10, 11) , it is thought that, overall, the structure of myosin Vb and myosin Vc resembles that of myosin Va. The heavy chain of myosin Vb has a molecular mass of 214 kDa and composed of the N-terminal conserved motor domain, the neck domain containing six IQ motifs that are thought to be the light chain binding sites, and the tail domain consisting of a proximal segment of the coiled-coil domain followed by a PEST domain, a second coiled-coil domain, and the globular tail. Because of the presence of the coiled-coil domain, it is assumed that myosin Vb exists as a dimer, i.e., two-headed structure.
The motor function of class V myosin has been studied best for myosin Va. A most intriguing finding for myosin Va is that this myosin has a high duty ratio (12) and actually moves along actin filaments for many steps without dissociating from actin and is, thus, processive (13, 14) . This processive behavior is consistent with the function of myosin Va in the cell as a cargo transporter (9) . A finding critical to understand the mechanism of processive movement of myosin Va is the extremely large step size of myosin Va (13, 15, 16) . Because myosin Va has an extremely long neck domain, it was proposed that myosin Va moves with a handover-hand mechanism in which myosin heads span a helical repeat of the actin filament with its long neck and walk straight along it with one head attached and the other head dissociated (17) (18) (19) . However, the recent reports have suggested that the long neck may not be essential for the multiple successive large steps of myosin V (15, 20) , and the mechanism of the processive movement of myosin V is controversial.
Myosin Va is expressed chiefly in brain and melanocytes, where myosin Va plays a crucial role in types of membrane trafficking such as melanosome transport (21, 22) and smooth endoplasmic reticulum transport (23) . On the other hand, myosin Vb is widely expressed in a variety of tissues, including lung, kidney, intestine, testes, liver, and heart (10). While nothing is known about the motor function of myosin Vb at a molecular level, most of the studies for myosin Vb have centered on the identity of the target molecules. Several recent reports have suggested that myosin Vb is involved in plasma membrane recycling systems that play fundamental roles in the maintenance of normal membrane composition. Myosin Vb associates with members of the small GTPase Rab11 family which are the markers for plasma membrane recycling systems (24) . The overexpression of the myosin Vb tail retarded the transferrin recycling and caused concentration of transferrin receptors in pericentrosomal vesicles in HeLa cells (24) . Myosin Vb also regulates the recycling of chemokine receptor CXCR2 (25) and the M4 muscarinic acetylcholine receptor (26) . Moreover, the inhibition of myosin Vb activity attenuates the accumulation of transferrin in the cytoplasm and increases the level of the plasma membrane transferrin receptor (27) . These findings suggest that myosin Vb functions as a cargo transporter in cells and carries cargo molecules different from those of myosin Va. However, nothing is known about the motor function and characteristic of myosin Vb that is crucial to understanding the physiological function of myosin Vb. Since a recent report of Drosophila myosin V indicated that it is a nonprocessive myosin, although it is classified as a class V myosin (28) , a critical question is whether myosin Vb is a processive myosin suitable for the transportation of cargo. In this study, we show that myosin Vb is a processive motor similar to myosin Va. Here we report for the first time the motor function and characteristic of myosin Vb at a molecular level.
EXPERIMENTAL PROCEDURES
Materials. Restriction enzymes and modifying enzymes were purchased from New England Biolabs. Anti-FLAG M2 affinity gel, FLAG peptide, phosphoenolpyruvate, and pyruvate kinase were purchased from Sigma. Actin was prepared from rabbit skeletal muscle according to the method of Spudich and Watt (29) .
Generation of the Expression Vectors for Myosin Vb Constructs. Human myosin Vb cDNA clones were obtained from human kidney total RNA by RT-PCR using Pfu-ultra DNA polymerase (Stratagene) with primers having a BamHI site for M5B1 and SalI site for M5B2. The two cDNAs (M5B1 and M5B2) containing nucleotides -3 to 2868 and 2747-5608, respectively, were cloned into the pCR2.1TOPO vector (Invitrogen). A FLAG tag sequence and a ClaI site were introduced into the pFastHTc baculovirus transfer vector (Invitrogen) at the 5′ side of the polylinker region and within the polylinker region, respectively. M5B1 was digested with BamHI and ClaI. The fragment was subcloned into the modified pFastbac HTc. M5B2 was digested with ClaI and SalI and introduced into the vector having M5B1. Stop codons were introduced into M5B2 at nucleotide 2916 for the S1 1 construct and at nucleotide 3339 for the HMM construct. Finally, the full sequences of M5BS1 and M5BHMM were confirmed.
Expression and Purification of Myosin Vb. To express the recombinant myosin Vb protein, Sf9 cells (∼1 × 10 9 cells) were co-infected with two viruses expressing the myosin Vb heavy chain and calmodulin. The infected cells were cultured for 3 days at 28°C. Cells were harvested and washed with TBS and 5 mM EGTA. Cells were then lysed with sonication in 40 mL of lysis buffer [30 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM EGTA, 2 mM MgCl 2 , 1 mM ATP, 0.5 mM dithiothreitol, 1 mM phenylmethanesulfonyl fluoride, 10 µg/mL leupeptin, 2 µg/mL pepstatin A, 1 µg/mL trypsin inhibitor, 0.1 mM TPCK, and 0.1 mM TLCK]. After centrifugation at 100000g for 30 min, the supernatant was incubated with 1.0 mL of anti-FLAG M2 affinity resin in a 50 mL conical tube on a rotating wheel for 1 h at 4°C. The resin suspension was then loaded onto a column (1 cm × 10 cm) and washed with 40 mL of buffer A [30 mM TrisHCl (pH 7.5), 150 mM KCl, 1 mM EGTA, 2 µg/mL leupeptin, and 0.5 mM dithiothreitol]. Myosin Vb was eluted with buffer A containing 0.1 mg/mL FLAG peptide and concentrated with a VIVASPIN concentrator (Vivascience). The collected myosin Vb was dialyzed against buffer B [50 mM KCl, 20 mM MOPS-KOH (pH 7.0), 3 mM MgCl 2 , 1 mM EGTA, and 1 mM dithiothreitol]. The purified myosin Vb was stored on ice and used within 2 days.
Gel Electrophoresis. SDS-polyacrylamide gel electrophoresis was carried out on a 7.5 to 20% polyacrylamide gradient slab gel using the discontinuous buffer system of Laemmli (30) . Molecular mass markers that were used were smooth muscle myosin heavy chain (204 kDa), -galactosidase (116 kDa), phosphorylase b (97.4 kDa), bovine serum albumin (66 kDa), ovalbumin (45 kDa), carbonic anhydrase (29 kDa), myosin regulatory light chain (20 kDa), and R-lactalbumin (14.2 kDa). The gel was stained with Coomassie Brilliant Blue. The amount of myosin Vb heavy chain was determined by densitometry analysis of SDS-PAGE using the smooth muscle myosin heavy chain as a standard.
Electron Microscopy. Myosin Vb proteins diluted to ∼4 nM were absorbed onto a freshly cleaved mica surface for 30 s. Unbound proteins were rinsed away, and then the specimen was stabilized by brief exposure to uranyl acetate as described previously (31) . The specimen was visualized by the rotary shadowing technique according to the method of Mabuchi (32) with a Philips 300 electron microscope at 60 kV.
ATPase Assay. The steady-state ATPase activity was measured at 25°C in the presence of an ATP regeneration system containing 40 units/mL pyruvate kinase and 4 mM phosphoenolpyruvate. The reaction was carried out in buffer B. The amount of liberated pyruvate was determined as described previously (33) . The steady-state ATPase assay in the absence of an ATP regeneration system was initiated by adding [γ-32 P]ATP to the reaction mixture. The amount of liberated 32 P was measured as described previously (34) .
In Vitro Motility Assay. The actin gliding velocity was measured by the in vitro actin gliding assay as described 1 Abbreviations: S1, subfragment 1; HMM, heavy meromyosin; TBS, Tris-buffered saline; MOPS, 4-morpholinepropanesulfonic acid; TPCK, L-1-tosylamido-2-phenylethyl chloromethyl ketone; TLCK, 1-chloro-3-tosylamido-7-amino-2-heptanone. previously (35) . A glass surface was first coated with nitrocellulose and blocked with 0.01 mg/mL BSA, and then M5BHMM was applied to the flow cells. The movement of the rhodamine-labeled actin filaments was observed in buffer C [25 mM KCl, 25 mM imidazole (pH 7.5), 5 mM MgCl 2 , 1 mM EGTA, 1 mM dithiothreitol, 36 µg/mL catalase, 4.5 mg/mL glucose, 216 µg/mL glucose oxidase, 0.5% methylcellulose, and 4 mM MgATP] at 25°C. The dependence of the actin gliding velocity on ATP was examined in buffer B containing various concentrations of ATP, 36 µg/mL catalase, 4.5 mg/mL glucose, 216 µg/mL glucose oxidase, and the ATP regeneration system at 25°C. Dual-labeled F-actin was prepared as described previously (36) . The actin gliding velocity was calculated from the movement distance and the elapsed time in successive snapshots. A Student's t test was used for statistical comparison of mean values. A p value of <0.01 was considered to be significant. The landing assay was performed in buffer C containing 1 nM actin without methylcellulose. To quantify landing rates, we scored a filament as "landed" when the filament landed and moved for more than 0.5 µm over the course of 3 s. The theoretical fit in the landing assay was performed on the basis of the equations described previously (37, 38) . The surface density of myosin molecules was calculated assuming that every myosin molecule entered into the flow cell and half of them were adsorbed onto the surface of the flow cell, based on the densitometry analysis of SDS-PAGE showing approximately half of the loaded proteins was adsorbed by the flow cells.
Pre-Steady-State Kinetic Measurements. Kinetic measurements were performed in buffer B at 25°C using a stoppedflow spectrophotometer (Kin-Tek Corp.) with a 75 W xenon lamp. Mant nucleotide was excited at 280 or 365 nm, and emission was collected through a 400 nm long-pass filter. Dissociation of acto-myosin Vb and acto-myosin Vb-ADP by ATP were assessed from the decrease in light scattering (39) . All kinetic data shown are the average of three to five transients.
RESULTS

Expression and Purification of M5B Constructs.
We produced two constructs of human myosin Vb. One is M5BS1 containing the motor domain and six IQ domains ( Figure 1A ). Because the coiled-coil domain is deleted, it is expected that M5BS1 is a single-headed myosin Vb construct. The other is M5BHMM that contains the entire first long coiled-coil domain of myosin Vb; therefore, it is anticipated that M5BHMM has a two-headed structure ( Figure 1B ). M5BS1 and M5BHMM constructs were coexpressed with calmodulin in Sf9 cells, and the expressed proteins were purified with anti-FLAG antibody-conjugated affinity chromatography. The isolated M5BS1 and M5BHMM were composed of a high-molecular mass peptide and a lowmolecular mass peptide, respectively (Figure 2A ). The highmolecular mass peptides had apparent molecular masses of 111 and 131 kDa that are consistent with the calculated molecular mass of M5BS1 (112 kDa) and M5BHMM (133 kDa) heavy chains, respectively. The low-molecular mass band was calmodulin since the mobility of this peptide was shifted in the presence of Ca 2+ , which is characteristic of calmodulin due to the conformational change in Ca 2+ (data not shown). The stoichiometries of calmodulin versus myosin Vb heavy chain were determined by densitometry to be 6.1 ( 0.4 for M5BS1 and 5.9 ( 0.5 for M5BHMM. These values are consistent with the number of IQ motifs in myosin Vb. We also coexpressed non-muscle myosin essential light chain (LC17b) along with myosin Vb heavy chain and calmodulin, but we could not detect the essential light chain associated with the purified myosin Vb (data not shown). While chicken myosin Va purified from brain has two essential light chains (LC1sa and LC17b) in addition to calmodulin (40) , mouse myosin Va purified from brain does not show the presence of any essential light chains (41) . The result suggests that mammalian myosin Vb has calmodulin but not the essential light chains such as mammalian myosin Va. Figure 2B shows electron micrographs of M5BS1 and M5BHMM. As expected from the primary structure of the constructs, M5BHMM had a two-headed structure and M5BS1 was single-headed. As shown in Figure 2B , both M5BHMM and M5BS1 contained a long neck that is consistent with the presence of six IQ motifs.
Actin-ActiVated ATPase ActiVity of Myosin Vb. Figure 3 shows the actin-activated ATPase activity of M5BS1 as a function of actin concentration. The activity was significantly activated by actin, and the actin dependence exhibited a hyperbolic saturation curve versus the increasing actin concentration. The actual data points were fitted to the Michaelis-Menten equation to yield V max and K actin values of 9.7 ( 0.4 s -1 and 8.5 ( 0.1 µM, respectively. The V max was approximately two-thirds of that of myosin Va (12, 42) ( Table 1) . On the other hand, the K actin was significantly higher than that of myosin Va (12, 41, 43) (Table 1) ; nevertheless, the value was much lower than those of conventional myosins (44) (45) (46) (47) (48) (49) (50) . Although the light chain alters the K actin of chicken myosin Va (51), it should be noted that the difference in the K actin values between myosin Va and myosin Vb is due to the difference in the heavy chain but not light chains because the K actin of myosin Vb is significantly higher than that of mammalian myosin Va having calmodulin as light chains but not essential light chain (41, 43) . The ATP dependence of the actin-activated ATPase activity of M5BS1 also followed the Michaelis-Menten equation, and a K ATP value of 28.1 ( 5.9 µM was obtained ( Figure 4 ). This value was significantly higher than that of mouse myosin Va (9.6 ( 0.8 µM) (S. Watanabe and M. Ikebe, unpublished observation).
It has been shown that the actin-activated ATPase activity of myosin Va is markedly attenuated with reaction time, and this is due to the inhibition of the activity by ADP produced during the course of the ATPase reaction (52) . As shown in Figure 5A , the actin-activated ATPase activity of M5BS1 was markedly diminished with time when the reaction was carried out in the absence of the ATP regeneration system, while the inhibition was eliminated in the presence of the ATP regeneration system. The result suggests that the actinactivated ATPase activity of M5BS1 is significantly inhibited by ADP. To further ensure this issue, the activity was measured as a function of ADP concentration ( Figure 5B ). The ATPase activity was inhibited by ADP, and a K ADP of 3.7 ( 0.4 µM was obtained on the basis of the fitting of the data to the equation
. Strong inhibition of the ATPase activity by ADP was found for myosin Va and myosin VI but not myosin II, and it has been thought that this is due to the fact that the rate-limiting step is ADP dissociation for the actin-activated ATPase cycle of myosin Va and myosin VI. Therefore, these results suggest that the predominant intermediate of the acto-M5BS1 ATPase cycle is the ADP-bound form that is a strong actin binding intermediate. To address this notion more directly, we measured the kinetic parameters of M5BS1. Figure 6 shows the rates of binding of mant-ATP to M5BS1 ( Figure 6A ) and acto-M5BS1 ( Figure 6B ) as a function of the mant-ATP concentration. For M5BS1 and acto-M5BS1, the time courses of mant fluorescence enhancement followed single-exponential kinetics, and the mant-ATP binding rate increased linearly with mant-ATP concentration. On the basis of Scheme 1, where A and M represent actin and myosin head, respectively, the second-order rate constants for ATP Figure 7A , the rate of acto-M5BS1 dissociation linearly increased with ATP concentration, and a second-order dissociation rate constant of 0.31 ( 0.02 µM -1 s -1 was obtained from the initial slope of the line. This value is similar to the rate of binding of mant-ATP to acto-M5BS1, suggesting that acto-M5S1 is rapidly dissociated upon ATP binding. On the other hand, the rate of dissociation of acto-M5BS1 by ATP was markedly slowed in the presence of ADP. More importantly, the rate of dissociation quickly plateaued with a maximum value of 12.2 ( 0.5 s -1 . The decrease in the rate of ATP-induced acto-M5BS1 dissociation by ADP is due to slow ADP dissociation, and the maximum dissociation rate at high ATP concentrations provides the rate of dissociation of ADP from acto-M5BS1. The rate of dissociation of ADP from acto-M5BS1 was also determined by measuring the fluorescence decrease of mant-ADP upon ATP binding ( Figure 7B ). The transient was best fit to single-exponential kinetics, and the rate of mant-ADP dissociation (k 5 ′) was 11.1 ( 2.1 s -1 . The obtained rate constants for dissociation of ADP and mant-ADP from acto-M5BS1 were comparable to the V max of the steady-state ATPase activity, providing evidence that ADP dissociation is the rate-limiting step of the acto-myosin Vb ATPase cycle.
Actin Gliding ActiVity of Myosin Vb. The results given above suggest that myosin Vb spends a predominant fraction of time as an actin-bound form, i.e., high duty ratio. To further evaluate the high duty ratio of myosin Vb, we measured K ATP of the steady-state ATPase activity and the actin gliding velocity of M5BHMM and compared them. Both the ATPase activity and the actin gliding velocity showed hyperbolic saturation curves and yielded K ATP values Figure 8A ) and 24.1 ( 3.0 µM for the actin gliding velocity ( Figure 8B ). On the basis of these values, the duty ratio of M5BHMM was estimated to be 1.0. It is therefore anticipated that myosin Vb can be a processive motor. To address this notion, we first measured the actin gliding velocity as a function of surface density of M5BHMM. It is known that nonprocessive myosin such as myosin II markedly decreases its actin gliding activity at a low surface density, while a number of molecules successively bind and move actin filaments to yield a maximum velocity at a high surface density. In contrast, one molecule is sufficient to produce the maximum velocity for a processive motor. Therefore, the velocity does not decrease with a low surface density (53) . As shown in Figure 9 , the actin gliding velocity did not decrease at very low surface densities, suggesting that myosin Vb is a processive myosin. Second, we performed the landing test, which measures the rate at which actin filaments land and move on the surface of a myosin-coated coverslip. The landing rate decreases as the surface density of myosin molecules decreases. If only one myosin molecule is sufficient to support continuous movement, the landing rate exhibits a pseudo-first-order dependence on myosin density (37, 54) . When log(landing rate) is plotted against log(motor molecule density), the slope of the obtained straight line provides the order of the landing process. As shown in Figure 10 , the slope of the landing process of M5BHMM was best fitted when n ) 1. These results indicate that myosin Vb is a processive motor. On the other hand, the direction of movement of the actin filament by myosin Vb was determined using dualfluorescence-labeled actin filaments (Figure 11 ). The minus ends of the filaments led the movement, indicating that myosin Vb is a plus end-directed motor.
DISCUSSION
Myosin constitutes a superfamily (1-7) and plays a key role in diverse cellular motile processes. Among them, class V myosin is the best studied unconventional myosin and thought to play a role in vesicular trafficking processes in cells (9) . While mammals have three isoforms of class V myosin, the motor characteristic of myosin V has been studied well for myosin Va, yet nothing has been studied for the other two myosin V isoforms (Vb and Vc). This study clarifies the motor characteristic of myosin Vb for the first time.
To prepare human myosin Vb, we decided to express recombinant myosin Vb rather than to purify it from tissues because it is known that various types of myosins are present in the same tissue and it would be difficult to completely eliminate the contamination of other myosins. Furthermore, the tissue distributions of myosin V isoforms overlap each other (11) , and one cannot eliminate the contamination of different isoforms.
We produced M5BS1 and M5BHMM constructs. The former contains the entire motor domain and the neck domain where six light chains are bound. This construct was used to study the enzymatic properties of human myosin Vb because this construct is a one-headed form ( Figure 2B ), thus preventing the complexity arising from the possible interhead interaction.
The latter contains the coiled-coil domain connected to the neck domain, and as expected, this construct displayed a two-headed structure ( Figure 2B ). This construct was used for the actin gliding assays because the two-headed construct is suitable for representing the authentic motility properties, including processivity. Furthermore, it has been shown for other myosins that HMM shows better actin gliding activity than S1, presumably due to the undesired binding of the S1 to the glass surface at the head domain (41, 55) . On the basis of the amino acid sequence, there are six IQ motifs, the light chain binding motifs, in the neck domain of human myosin Vb. The length of the neck of M5BHMM observed with the electron micrograph was the same as that of myosin Va, suggesting that myosin Vb also contains six bound light chains. It is also consistent with the number of bound calmodulins determined by the densitometry analysis of SDS-PAGE. Table 1 shows the comparison of the kinetic and motility parameters for human myosin Vb, mammalian Va, and Drosophila myosin V. Overall, human myosin Vb is highly homologous to myosin Va, with 62% of its amino acids identical to those of human myosin Va in the entire length and 74% identical in the motor head domain. This high degree of homology of the myosin Vb sequence to the myosin Va sequence is consistent with the similarity of the mechanoenzymatic properties of myosin Vb and myosin Va, i.e., the slow ADP dissociation rate. However, there are the regions in the motor domain of myosin Vb whose sequences are quite different from that of myosin Va. Among them, of interest is the loop 2 region that has been suggested to influence the actin binding property of myosin (43) (44) (45) (46) (47) since the K actin of myosin Vb is significantly higher than that of myosin Va. Figure 12 shows the amino acid sequence comparison between human myosin Va and myosin Vb in the motor domain. The loop 2 sequence of myosin Vb is unique and quite different from that of myosin Va. Recently, it was shown that the mutation of loop 2 of myosin Va significantly changed the K actin value but not the V max of the actin-activated ATPase activity of myosin Va (56) . It is plausible that the difference in loop 2 is responsible for the difference in the K actin between the two isoforms.
We also found that the K ATP of myosin Vb is significantly higher than that of myosin Va. This is primarily due to the difference in the ATP binding rate that is ∼2.5 times slower than that of myosin Va and the presence of the reverse reaction of the ATP-binding step. Recently, it was reported that the truncation of the insertion unique to myosin VI in the upper 50 kDa domain significantly increased the rate of FIGURE 12: Alignment of amino acid sequences in the motor domains between human myosin Va and Vb. Highlighted letters denote the identical residues in myosin Va and Vb. Human myosin Va and Vb are 74% identical in the motor domain. However, the sequence of loopATP binding (57) . The insertion is located between positions 293 and 294 in the myosin Vb sequence (indicated by [ in Figure 12 ), in which the amino acid residues are different between the two isoforms. It is plausible that this region is responsible for the reduced affinity of myosin Vb for ATP.
The V max of the actin-activated ATPase activity of myosin Vb was approximately two-thirds of that of myosin Va, which is significantly lower than that of myosin Va (12, 42) . The slower cycling rate is also consistent with the actin gliding velocity; myosin Vb exhibited approximately twothirds of the velocity of myosin Va (43, 58) .
The actin-activated ATPase activity of the single-headed M5BS1 construct was significantly reduced with reaction time when the reaction was carried out without the ATP regeneration system, suggesting that ADP significantly inhibits the ATPase activity. This was confirmed by measuring the effect of ADP on the ATPase activity that resulted in the strong inhibition of the activity. These results suggest that the ADP dissociation step limits the rate of the overall ATPase cycle. This is consistent with the result that the rate of dissociation of ADP from acto-M5BS1 is comparable to the actin-activated steady-state ATPase rate. An approximate duty ratio can be estimated by dividing the rate of ADP dissociation by the steady-state V max . The duty ratio of M5BS1 is calculated to be 0.79, indicating that M5BS1 has a high duty ratio and spends a majority of the time during the cycle with the strongly actin bound state. In this study, it was demonstrated that myosin Vb is a double-headed structure ( Figure 2B) . A high duty ratio of >0.5 of singleheaded M5BS1 suggests that double-headed myosin Vb is a processive motor that undergoes multiple steps along actin filaments before detaching. This was also supported by the comparison of K ATP values for the actin-activated ATPase activity and the actin gliding velocity of M5BHMM that resulted in a K ATP (ATPase)/K ATP (motility) of nearly 1.0.
To further clarify whether myosin Vb is a processive motor, we examined the in vitro actin gliding activity of myosin Vb. The actin gliding velocity did not attenuate at a low surface density of myosin Vb. Furthermore, the landing test indicated that the plot of the landing rate versus myosin Vb surface density was best fitted with an n of 1, suggesting that a single myosin Vb molecule is sufficient to drive the movement of an actin filament. These results clearly indicate that myosin Vb is a processive myosin similar to myosin Va. The average size of displacement, d, over which the cross bridge remains attached to actin during the power stroke, can be estimated by the dependence of the motility at a submaximal MgATP concentration (k max /K app ) based upon the following equation (59) .
This value is similar to the step size (36 nm) of myosin Va (13, 15) . Therefore, it is reasonable to assume that myosin Vb moves on actin filaments with large steps in a manner similar to that of myosin Va.
This study clearly demonstrates that myosin Vb is a processive motor that moves on actin filaments for a long distance without dissociating from actin. Furthermore, we have also demonstrated that myosin Vb is a plus end-directed motor. Recent studies have revealed that myosin Vb associates with members of the Rab11 family and is involved in the receptor recycling system in cells and suggested that myosin Vb functions as a transporter of cargo from the pericentrosomal region to the plasma membrane. These findings agree with these cell biological findings and provide the molecular basis for the function of myosin Vb as a cargo carrier motor protein in cells.
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